Background. In a multicountry birth cohort study, we describe rotavirus infection in the first 2 years of life in sites with and without rotavirus vaccination programs.
Before rotavirus vaccines were introduced, despite availability of effective rehydration therapies, rotavirus was estimated to cause nearly half a million deaths annually [1] . Where rotavirus vaccines have been introduced into national programs, a dramatic decrease in hospitalizations due to rotavirus has been reported [2] [3] [4] [5] . Reductions in all-cause diarrhea mortality [6, 7] further emphasize the importance of vaccination to prevent severe disease.
Several rotavirus surveillance networks measure the burden of disease and impact following vaccine introduction [8] [9] [10] , but these are hospital-based and thus capture more severe disease. Given challenges of community-based etiological studies of gastroenteritis, most studies on rotavirus have been cross-sectional; only a few birth cohort studies testing both diarrhea and surveillance samples have been published from low-and middle-income countries (LMICs) in the past 3 decades [11] [12] [13] [14] . These geographically distinct studies showed similar incidence of disease [11] [12] [13] but remarkable variation in protection afforded by prior infection, a finding subsequently associated with vaccine performance in similar locations [15] [16] [17] .
The Etiology, Risk Factors, and Interactions of Enteric Infections and Malnutrition and the Consequences for Child Health and Development (MAL-ED) project is a multisite birth cohort study at 8 sites [18] . In this report, we present data on asymptomatic and symptomatic rotavirus infections and compare risk factors across sites. We have demonstrated the effect of rotavirus vaccines on rotavirus disease in settings with routine rotavirus vaccination.
METHODS
The MAL-ED multisite study was conducted from April 2009 to February 2014 in 8 countries with historically high prevalence of childhood diarrhea and malnutrition [18] . Healthy children from the community enrolled within 17 days of birth were followed until 24 months of age at the following locations: Dhaka, Bangladesh (BGD); Fortaleza, Brazil (BRF); Vellore, India (INV); Bhaktapur, Nepal (NEB); Loreto, Peru (PEL); Naushero Feroze, Pakistan (PKN); Venda, South Africa (SAV), and Haydom, Tanzania (TZH). In 3 countries (Brazil, Peru, and South Africa) rotavirus vaccination was provided by the national immunization programs prior to the start of the study. In Tanzania, the vaccine was introduced between December 2012 and January 2013; by then the youngest child in the cohort had crossed 12 months and was hence age ineligible to receive the vaccine.
Appropriate ethical approvals were obtained at all sites. The parent or guardian of every enrolled child provided written informed consent. Details of the study design, descriptions of sites, and surveillance and microbiologic methods have been published previously [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
Data Collection
Household demographics, presence of siblings, maternal characteristics, and other data on the child's birth and anthropometry were obtained at enrollment [18] . The socioeconomic status (SES) of families was assessed at 6, 12, 18, and 24 months. Anthropometric measurements and vaccination history were collected monthly. Details of illness and child feeding practices were collected during twice-weekly household visits [27] .
Surveillance for Diarrhea
Diarrheal episodes were defined by ≥3 loose stools in a 24-hour period and were separated by at least 2 days. Severity was assessed using a modified Vesikari score (mild, 1-4; moderate, 5-8; severe, 9-13; and very severe, 14-17) [27] and the severity score for community diarrhea (CODA) scoring system specifically designed for community-based studies, which includes fever, anorexia, vomiting, frequency, and duration of loose stools [29] ; severity scores range from 0 to 15 and episodes were classified as mild (0), moderate (1-6), or severe (≥7).
Stool Collection and Microbiology
Stool samples collected monthly for the first 12 months and at 15, 18, 21, and 24 months, and during all diarrheal episodes till 24 months of age, were preserved, transported, and processed at all sites using harmonized protocols [28] . Rotavirus testing for all specimens used ProSpecT (Oxoid Ltd, Ely, United Kingdom), an enzyme immunoassay to detect the group-specific antigen for rotavirus. A child had rotavirus diarrhea if any diarrheal specimen tested positive for rotavirus. Rotaviruspositive results were considered negative if the stools were collected within 28 days of receiving rotavirus vaccine. Other enteropathogens were assessed using previously reported laboratory methods and overall results have been published [30] .
Serum Collection and Testing
About 4-5 mL of blood was collected at 7 and 15 months of age from each child and plasma aliquots were frozen at −20°C.
Immunoglobulin G (IgG) and immunoglobulin A (IgA) antibodies against rotavirus were measured by enzyme immunoassay using standardized protocols [31, 32] . A child was considered previously exposed to rotavirus if the IgG or IgA values were >20 U/mL.
Statistical Analysis
Incidence rates with 95% confidence intervals (95% CIs) and median ages for first rotavirus infection and diarrhea were estimated for the entire cohort and each site separately. Poisson multilevel, site-and age-adjusted regression models with random effects to account for within-site and within-child correlations were used to estimate the incidence rate ratios (IRRs) for rotavirus infection and diarrhea, unadjusted and adjusted for sex, weight at first month, history of child death in the family, maternal age at childbirth, education and nutrition status, duration of exclusive breastfeeding, SES, overcrowding, child nutritional status during the first year, and average number of pathogens detected per stool specimen. Kaplan-Meier survival analysis was used to estimate time to first rotavirus infection at each site.
Associations between rotavirus infections, diarrhea, and other exposures were explored using generalized estimating equations specifying a Poisson distribution to obtain IRRs adjusted for age. Cox proportional hazards models were employed to estimate incidence rates and hazard ratios (HRs) for rotavirus infection and diarrhea with subsequent rotavirus infection determined either by stool positivity or serological testing (IgG or IgA >20 units). All analyses were performed using Stata software version 12 (StataCorp, College Station, Texas).
RESULTS

Burden of Rotavirus Infection and Disease
A total of 1737 children were followed until 24 months of age across all sites (Table 1 ) and contributed 22 646 surveillance stools and 7440 diarrheal specimens collected from 9396 diarrheal episodes, with a total follow-up period of 1 243 351 days.
Rotavirus was detected in 930 of 30 086 (3.1%) specimens. Thirty-eight positive samples were considered negative as the stools were collected within 28 days following immunization. Exact date of immunization was not available for 2 children (1 each from the Brazilian and Peruvian sites). Of the remaining 36 positives, 30.5% (11/36) were detected within 14 days of vaccination and all were surveillance stool specimens. A total of 892 stool positives were included in the analyses. Of the 1737 children, 659 (37.9%) were ever infected with rotavirus and only 344 (19.8%) ever had acute diarrhea associated with rotavirus. Rotavirus was detected in 5.5% (408/7440) of diarrheal stool specimens. Despite the low rates of stool detection, serology showed that 91% of the study cohort had IgA or IgG antibodies >20 units by 7 months. In sites using vaccines (BRF, PEL, SAV), >94% of children were rotavirus seropositive at 7 months, whereas in sites not using vaccine (BGD, INV, NEB, PKN, and TZH), 81.5%-90% of children had antibodies ( Proportions of children receiving at least 1 dose of rotavirus vaccine were 88% (147/167), 96.2% (231/240), and 98% (194/198) Figure 1) . Surprisingly, in the second year of life, PEL had the highest incidence rate, despite high vaccination coverage (96.9% [192/198] ). The site in Peru experienced higher rotavirus season during the latter part of the study, with overall incidence of rotavirus infection being 31.28, 32.59, 43.79, 89.66, and 235.64 for the years 2010, 2011, 2012, 2013, and 2014, respectively. Similar to infection, the incidence of rotavirus diarrhea was significantly higher in infancy (13.46 per 100 childyears) than in the second year (10.54 per 100 child-years) (P = .014). SAV and BRF had low incidence of rotavirus diarrhea over 2 years of follow-up, but in PEL, incidence of rotavirus diarrhea (25.77 per 100 child years) in the second year was significantly higher (P < .001) than in infancy (Table 1 ; Supplementary Figure 1) . Two-year burden of rotavirus infection and diarrhea were significantly higher in sites not using vaccine ( Table 2) .
The median ages of rotavirus infection and diarrhea for the entire cohort were 282 (interquartile range [IQR], 179-437) days and 327 (IQR, 210-450) days, respectively. Children were slightly older when first infected or at their first rotavirus diarrhea in sites with rotavirus vaccine (Table 1; Figure 1 ). In sites with vaccination, 0.5% (3/605), 2.1% (13/605), and 6.3% (38/605) of children were infected in the first week, the first month, and by 6 months of age, respectively. No rotavirus was detected in diarrheal stools in the first month whereas 0.8% (5/605) of children had rotavirus diarrhea between 2 and 6 months of age. In sites not using vaccine, 0.3% (3/1132) of infants were infected in the first week, 1.6% (18/1132) in the first month, and 14.2% (161/1132) by 6 months. The proportion of children who had rotavirus diarrhea were 0, 0.3% (3/1132), and 5.8% (66/1132) in the first week, the first month, and the first 6 months of age, respectively.
Clinical Features of Rotavirus Gastroenteritis
Across all sites, the severity of rotavirus diarrhea (median, 4 [IQR, 3-6]) was higher than for nonrotavirus diarrhea (median, 3 [IQR, 2-5]) (P < .001) as assessed using the modified Vesikari score. For hospitalized rotavirus gastroenteritis, the median severity score was 6 (IQR, 5-8) (Supplementary Table 1 ; Supplementary Figure 2 ). Six percent of episodes (25/408) required hospitalization, with 17.6% of hospitalizations in Tanzania. Of 16 children with severe rotavirus gastroenteritis in sites with vaccination, 15 were in PEL and 13 of 15 (86.6%) had received 2 doses of rotavirus vaccine.
The median duration of the first rotavirus diarrheal episode was 4 (IQR, 1-35) days; 1 (IQR, 1-4) day in SAV and 4 (IQR, 1-12) days in BGD. Across the sites, 54% (220/408) of rotavirus diarrheal episodes were associated with vomiting, 5.4% (22/408) with fever, and 1.9% (8/408) with blood in stools.
Rotavirus gastroenteritis was seasonal. In the Asian sites except PKN, 2 peaks were observed: 1 in December and January, corresponding to winter, and 1 in July during the monsoon. PEL and TZH also had a higher burden during the monsoon (March to July) and lower rotavirus gastroenteritis during dry seasons (August to February) (Supplementary Figure 3) .
Predictors of Rotavirus Infection and Disease
In site-and age-adjusted multivariate analysis, higher weight at the first month conferred significant protection against rotavirus infection (IRR, 0.838 [95% CI, .714-.984]; P = .031). Increasing maternal age, lower SES, and presence of overcrowding in the family were associated with higher incidence of infections but were not statistically significant. The average number of all enteric pathogens detected in stool specimens (bacteria, parasites, and viruses) was associated with significantly higher incidence of rotavirus infection (IRR, 1.512 [95% CI, 1.277-1.792]; P < .001; Table 3 ). Among the predictors of rotavirus infection, only 2 overlapped with rotavirus diarrhea. Living in crowded households (IRR, 1.401 [95% CI, 1.072-1.830]; P = .014) and high pathogen detection in stools (IRR, 1.451 [95% CI, 1.122-1.875]; P = .005) were significantly associated with higher incidence of rotavirus diarrhea (Table 3; Supplementary Table 2) . Overcrowding was also associated with a significantly higher risk of multiple rotavirus diarrheal episodes in sites without vaccine (odds ratio, 4.16 [95% CI, 1.36-12.74]; P < .005).
Surprisingly, presence of siblings was associated with some protection against rotavirus diarrhea in Asian sites without rotavirus vaccination (BGD, INV, NEB, and PKN) with an IRR of 0.728 (95% CI, .552-.959; P < .05), whereas this was associated with higher risk in South American sites (BRF and PEL) with immunization (Supplementary Table 2) .
On initial analysis, breastfeeding did not protect against rotavirus diarrhea; in Asian sites not using vaccine, the adjusted incidence rate ratio was 0.69 (P < .001) in children exclusively breastfed for <4 months (Supplementary Table 2 ). Because BGD had both the longest duration of exclusive breastfeeding as well as the highest rates of rotavirus infection and disease, additional analyses excluding BGD were conducted, and exclusive breastfeeding status was still not significantly associated with protection from rotavirus diarrhea during the first 24 months (IRR, 0.79 [95% CI, .52-1.19]; P = .260) (Supplementary Table 3) . During the first 6 months (183 days) of life, the incidence rate of rotavirus disease was higher (8.43 per 100 child-years [95% CI, 5.71-12.03]; P = .08) among children exclusively breastfed for <25% (up to 45 days) of the time compared with 4.28 and 2.83 per 100 child-years in children exclusively breastfed for 25%-74% (46-135 days) and >74% (>135 days) of the time (Supplementary Table 4 ).
Protection From Infection and Disease Conferred by Prior Rotavirus
Infection in Sites Without Vaccination
Prior rotavirus infections offered significant protection against subsequent infections (Figure 2) . In sites without vaccination, children with 1, 2, and 3 infections had 43%, 62%, and 74% protection from subsequent infection (P < .01) ( Table 4) . Protection against disease was not significant, but this may be because of the small number of events. In sites with vaccination, there was reduction in infection following rotavirus vaccination or infection. Site-specific incidence rates and HRs are presented in Supplementary Tables 5 and 6 . Across all sites, severity of rotavirus gastroenteritis among children with a first infection resulting in diarrhea was significantly higher (median CODA score = 5) (P = .013) compared with previously infected children (median CODA score = 4) (Supplementary Table 1 ).
DISCUSSION
This is the largest-ever study to examine rotavirus infection and disease in LMIC children using a standardized approach and the first multicountry study. Although rotavirus is a leading cause of gastroenteritis where rotavirus vaccines are not in use, there is significant heterogeneity in infection and disease by site. Serology showed that by 7 months of age, >80% of children at all sites had been exposed to rotavirus, but the rates of rotavirus infection and disease in the MAL-ED study by stool testing are much lower than from other birth cohorts [11] [12] [13] . In a previous study from similar settings in Vellore, India, which employed fortnightly stool sample testing, the overall incidence of rotavirus infection and diarrhea have been estimated to be 0.99 and 0.25 per child-year, respectively, during a 3-year follow-up between 2002 and 2006 [13] . In this study, rotavirus-positive results from stools were considered negative if collected within 28 days of receiving vaccine, which might have resulted in slight underestimation of the rates during infancy in sites using vaccine. This may be due to the very restricted time window for stool collection, which resulted in stools being analyzed for only 79.2% of diarrheal episodes. Approximately 1 in 5 unvaccinated children had rotavirus gastroenteritis in the first 2 years of life in the MAL-ED cohorts, compared to at least 1 in 3 in GuineaBissau, Mexico, and India in earlier cohorts [11] [12] [13] . Among the 5 sites without vaccine, BGD had twice the incidence of infection and diarrhea of any other site in infancy and the second year of life (except incidence of diarrhea in the second year in NEB), but analysis of the relative contributions of rotavirus to disease reported attributable fractions of 9.6% in infancy and 6.0% in the second year of life for BGD, and higher attributable fractions for NEB and TZH in the second year of life [30] .
There were striking differences between sites that administered rotavirus vaccination and those that did not, with the vaccine clearly preventing rotavirus infection and diarrhea in infancy. In all sites with vaccination, the time to first infection and first diarrhea was greater. In PEL, the rates of infection and diarrhea in the second year were high throughout the study period despite high rates of vaccine uptake and tight compliance to the recommended schedule at 2 and 4 months of age, indicating that vaccine-induced protection was not sustained beyond infancy. Prior reported longitudinal population-based studies in the periurban areas of Lima demonstrate internally consistent incidence rates with a median incidence rate of 30.9 per 100 child-years in the prevaccine era, lower than that observed in this study [33] . The higher-than-expected incidence is in part due to the site, which has intense enteropathogen exposure. Although we previously reported an attributable fraction of Abbreviations: BMI, body mass index; CI, confidence interval; IRR, incidence rate ratio; LAZ, length-for-age z score; MAL-ED, Etiology, Risk Factors, and Interactions of Enteric Infections and Malnutrition and the Consequences for Child Health and Development; SD, standard deviation; WAMI, access to improved water and sanitation, assets, maternal education, and household income; WAZ, weight-for-age z score; WHZ, weight-for-height z score.
a Statistically significant at P < .05 using a multilevel, country-and age-adjusted Poisson regression analysis.
2.9% for rotavirus in the second year in PEL, this was triple that in infancy [30] , suggesting that the vaccine did have a favorable impact on the population for a time following vaccination. While the vaccine is intended to protect against severe rotavirus gastroenteritis, the high proportion of children with rotavirus gastroenteritis and the number of cases of severe gastroenteritis and hospitalizations in PEL suggest a lack of sustained protection by vaccination at that site. This site also exhibited high rates of nonresponsiveness to oral polio vaccine (Pan, unpublished data), demonstrating that this is not likely due to cold chain or vaccine failure of the Rotarix vaccine, but an impaired capacity of children to fully respond to oral vaccines. The proportion of study children belonging to lower socioeconomic strata was higher in Peru (12.6%) as compared to the Brazilian (nil) and South African (3.5%) sites. Similar findings have been reported from Malawi where, after vaccine introduction and with high coverage, a reduction in rotavirus hospital admission rate and detection rate in infants was observed along with a shift in the age distribution of rotavirus cases [34] . The shift in the incidence of this severe illness from infancy to later childhood can still be regarded as a success, as older children are less likely to die from diarrhea. As previously shown in other studies, episodes of rotavirus diarrhea were more severe than nonrotavirus diarrhea, and in all sites, disease was more common in cooler months, with Asian sites showing a second peak associated with rainfall [35] [36] [37] . Among factors contributing to rotavirus infection and disease, being infected with other pathogens and living in crowded homes were associated with greater risk demonstrating the critical role of the environment in pathogen exposure. It is difficult to explain why presence of siblings could decrease risk of infection in some Asian sites; this could partly be due to greater exposure among mothers with more children, resulting in higher maternal antibodies protecting the newborn during infancy. The role of exclusive breastfeeding in protection from rotavirus infection or diarrhea could not be demonstrated (Table 3; Supplementary  Tables 2 and 3) , and this finding has previously been reported from India [13] . An earlier study from Bangladesh has reported that the exclusivity of breastfeeding confers protection in the first year and not in the second year of life [38] .
In sites not using vaccine, protection conferred by prior infection was seen, confirming findings of previous birth cohorts [11] [12] [13] , but surprisingly, it was not possible to measure protection against rotavirus diarrhea. The general trend was toward decreasing incidence of diarrhea with each subsequent rotavirus infection except in INV, where there was an increased incidence of diarrhea in children with 3 prior infections, but this was based on data from only 4 children (Supplementary Table 4) .
Overall, this study demonstrates the value of using standardized protocols to assess infectious disease heterogeneity across populations. Despite the sites being chosen to be disadvantaged communities, the differences in incidence of infection and disease were surprising for a ubiquitous viral pathogen. Although no formal analyses of vaccine effectiveness could be carried out owing to the high coverage of vaccination, the apparent lack of protection by the rotavirus vaccine in the second year of life in the Peruvian site is an observation that has not been previously reported in Latin America. To understand vaccine performance across a range of disease severity, rotavirus disease should be investigated in older children in community settings and in diverse social and geographic environments.
Supplementary Data
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